Photosynthesis as a Basis for Life Support on Earth and in Space
Photosynthesis and transpiration in enclosed spaces Arthur W. Galston E ach year, approximately 200 billion tons of carbon are removed from the atmosphere as carbon dioxide and incorporated into organic compounds of plants in the process of photosynthesis (Rabinowitch 1945) . The light-driven process, which transduces light energy into chemical forms in the chloroplasts of green plants and the chromatophores of photosynthesis bacteria, represents one of the world's most extensive biochemical activities. Photosynthesis provides the ultimate energetic basis for the activities of all human and animal life on Earth, because photosynthetically produced organic molecules, when oxidized in respiration, can release the energy of the photons trapped during the original reduction of carbon dioxide. Photosynthesis is thus our major link with the energy of the sun.
Scientists have known since the experiments of Joseph Priestley more than two centuries ago that illuminated plants can purify the air made "obnoxious" by the activities of animals (Priestley 1776 (Figure 1 ). Most students of the earth's origin and history believe that the gaseous oxygen currently making up approximately 21% of the atmosphere is the product of photosynthesis. The vigorous gaseous exchange occurring during photosynthesis requires that the leaf, the main photosynthesis organ, contain pores through which gases may diffuse. The numerous stomata that perforate the lower and upper epidermis of leaves connect with intercellular gas spaces of the leaf mesophyll and furnish a pathway through which such interchange can occur. Perforce, stomata also serve as a path for the outward movement of water vapor from the surfaces of highly hydrated mesophyll cells in contact with the gas channels. In this process of transpiration, leaves may lose hundreds of kilograms of water vapor for every kilogram of carbon dioxide fixed (Salisbury and Ross 1985) .
Although such water loss may be deleterious to plant growth in waterlimited environments in the field, it can be turned to good use in enclosed spaces, where condensation of the transpired water can provide a ready source of pure water for human consumption. Because the differentially permeable membranes of the plant root exert control over the entrance of ions and molecules into the plant, even the water transpired from plants irrigated with saline or polluted water is of high quality for human consumption. This high-quality water also comes free of additional energy cost, because the rise of the transpiration stream within plants is believed to be powered by the solar evaporation of water from the leaf (Dixon 1914 The current economic downturn and the resulting budgetary problems have caused citizens, members of congress, and political candidates to question the expenditure of the billions of dollars required for the originally planned space station. Although scientists have wrangled over whether such expenditure would deplete money better used in other kinds of research, the project has been retained, although in a scaled-down version, in the recent negotiations over the budget for the next fiscal year.
Both the House of Representatives and the Senate passed bills that would appropriate approximately $2 billion for fiscal 1992, a figure close to that proposed by President Bush. Whether or not the space station comes to play a vital role in the space biology program of the United States, as it did for the Soviet Union, the construction of a lunar base and subsequent missions to Mars and other planets seem destined to occur. As long as this is true, NASA is charged with the responsibility for preparing the way through an appropriate program of research in the life sciences.
The NASA Space Life Sciences Program, created to help meet that responsibility, has in the past included activities in the following areas: * Gravitational biology: research aimed at gaining an understanding of the role of gravity in the development, evolution, and behavior of various life forms. CO2 + 2H20* ---light energy, chloroplast---> (CH20) + 02* + H20 <----respiration Figure 1 . The basic equation for photosynthesis (top line). All the oxygen liberated is derived from photolytic cleavage of the water molecule (marked with asterisks). This reaction requires the photolysis of two molecules of water for each carbon dioxide that is fixed. CH20 represents the basic formula for the carbohydrate formed by the fixation of carbon dioxide through transfer of hydrogens from photolyzed water to carbon dioxide. Six such units would be required to represent glucose, C6H1206. The water molecule produced in the reaction differs from the water molecules entering the reaction in that its oxygen is derived from the carbon dioxide being fixed. Respiration, occurring in the mitochondrion, is essentially a reversal of photosynthesis.
* Environmental factors: concerned with defining the space environment and habitat in which humans must function safely and productively, including air and water quality and the biological effects of radiation fields that might be encountered.
* Operational medicine: designed to develop medical and life support systems to enable human expansion beyond Earth and into the solar system. * Biospherics research: developing methods to measure and predict changes on Earth on a global scale and to evaluate the biological consequences of these changes.
* Physicochemical and bioregenerative life support systems: charged with assembling the knowledge needed to design, construct, integrate, and operate self-contained life-support systems that are independent of major resupply requirements.
* Exobiology: exploring the origin, evolution, and distribution of life in the universe. For fairly short missions, such as those of the Space Shuttle, it is most economical and convenient to carry aloft all human life support requirements and to discard waste once the shuttle has returned to Earth. For lengthy missions, such as a 2-3 year trip to Mars, such a practice becomes prohibitively expensive and unfeasible.
Research of the last decade has
shown all human life-support needs can be met by a bioregenerative life support system based on higher plants, algae, or a combination of both (MacElroy et al. 1985) . Through photosynthesis, plants convert carbon dioxide and water to carbohydrates and oxygen; through transpiration, they produce potable water; and, by their use of inorganic elements, they are in a position to reclaim many components of human and plant wastes. (Strictly speaking, there are no wastes in CELSS, only resources).
If the inedible parts of the plants produced in a space vehicle could be reclaimed and if all human wastes could be recycled, as they eventually must be on Earth, then one would have succeeded in constructing a permanent, self-renewing CELSS. Where conversion of resources (i.e., waste processing) is limited by the nature of biological systems, available physicochemical systems could be employed as backups. Historically, the CELSS program has included both biological and physicochemical research.
Of course, some external power would be required for such functions as illumination, maintenance of proper temperature, pressure and gas composition, circulation of a plant nutrient solution, and food and waste processing. Such energy could best be derived from the solar panels of a space station or space colony, and current plans call for such a source. A possible alternative might be found in atomic energy packs, but these are not being actively developed for civilian space activities.
July/August 1992 Any self-contained CELSS must contain at least the following four components (Figure 2 ): a foodproducing system (i.e., a plant) that absorbs carbon dioxide, liberates oxygen, and supplies potable water as well; a food-processing system that derives maximal edible content from plant parts and converts it into palatable food for humans; a system for recovering resources from inedible plant parts and human wastes and for preparing the material for recycling back to plants; and a system for integrating, monitoring, and managing the operation of the individual components of CELSS. The proper design and fabrication of a successful CELSS requires, at the very least, the cooperation of physical scientists, biologists of various kinds, engineers, computer specialists, and mathematicians. Producing a proper CELSS will also require considerable time and money. Again, one might ask, Is it worth the cost?
CRISS as a paradigm for planet Earth
The human population on Earth now approximates 5.5 billion and is increasing at the rate of approximately 1.8% per year (Brown et al. 1991) . These numbers yield an increase in 1991 of approximately 100 million people, and a doubling time of less than 40 years. With less than an acre of arable land currently available to feed each person, and approximately another acre available for additional food production through grazing, we are already hard pressed to produce enough food to satisfy the nutritional needs of the people on Earth. Because the best lands are already under cultivation, the conversion of any additional land to agriculture will be costly, less efficient, and, in some cases, counterproductive.
The degradation of our environment caused by increased population pressure, increased industrialization, use of fossil fuels, and increasing use of synthetic materials has caused a parallel crisis of another sort. The increasing problems of air, water, and soil pollution and overflowing garbage landfills have spurred a movement toward prudent use of materials, conservation of energy, and the recycling of certain resources, such as metals, plastic, paper, and glass.
As the pressures from overpopulation and overindustrialization continue to mount, ever more recycling of resources will become necessary. Ultimately, the western world will
have to do what Asian societies have done for millennia: recycle human wastes back into agriculture.
Thus, there appears to be a convergence between the problems facing the planet Earth and the problems inherent in the fabrication of CELSS.
In both systems, there is a requirement for optimizing food production in minimum space and for careful recycling of all possible resources. Just as NASA-sponsored research into rocketry, electronics, and computers has already spun off many benefits to society, we may expect that research into the design of CELSS will help humankind solve the pressing problems of improved food production and resource recycling.
Organization and operation of the CELSS program 
